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Abstract 
Superhalogens are species whose electron affinity (EA) or vertical detachment energy (VDE) 
exceed to those of halogen. These species typically consist of a central electropositive atom 
with electronegative ligands. The EA or VDE of species can be further increased by using 
superhalogen as ligands, which are termed as hyperhalogen. Having established BH4‾ as a 
superhalogen, we have studied BH4-x(BH4)x‾ (x = 1−4) hyperhalogen anions and their Li-
complexes, LiBH4-x(BH4)x using density functional theory. The VDE of these anions is larger 
than that of BH4‾, which increases with the increase in the number of peripheral BH4 moieties 
(x). The hydrogen storage capacity of LiBH4-x(BH4)x complexes is higher but binding energy 
is smaller than that of LiBH4, a typical complex hydride. The linear correlation between 
dehydrogenation energy of LiBH4-x(BH4)x complexes and VDE of BH4-x(BH4)x‾ anions is 
established. These complexes are found to be thermodynamically stable against dissociation 
into LiBH4 and borane. This study not only demonstrates the role of superhalogen in 
designing new materials for hydrogen storage, but also motivates experimentalists to 
synthesize LiBH4-x(BH4)x (x = 1−4) complexes.  
Keywords: Superhalogen; Borohydrides; Lithium complexes; Hydrogen storage; Density 
functional theory. 
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1. Introduction 
Hydrogen energy has been recognised as a clean, efficient and eco-friendly alternative to 
fossil fuels [1]. Complex metal hydrides are considered as promising materials for hydrogen 
storage [2], which are composed of metal cation and a complex anion. Typical examples 
include alanates [M(AlH4)x] and borohydrides [M(BH4)x], where M is a metal atom with 
valence x. Borohydrides such as LiBH4, NaBH4, Ca(BH4)2, Mg(BH4)2 and Al(BH4)3 etc. have 
been well recognized for their hydrogen storage behaviour. Due to high gravimetric and 
volumetric densities, LiBH4 is a good choice for efficient hydrogen storage [2]. LiBH4 is a 
salt due to charge transfer from Li
+
 to BH4‾. The BH4‾ complex anion is stabilized by the 
distribution of extra electron over H atoms, which is reflected in its high vertical detachment 
energy (VDE) or electron affinity (EA) exceeding to that of halogen atom. Such species 
whose EAs or VDEs exceed to that of Cl (3.80 eV) [3] are termed as superhalogens [4, 5]. 
Superhalogens are hypervalent species, which need an extra electron to complete their octet 
and stabilize them. These species have been continuously reported in literature theoretically 
as well as experimentally [6-14]. The use of superhalogen for hydrogen storage has been 
proposed only recently [15]. 
According to Gutsev and Boldyrev [4], general formula for a typical superhalogen anion 
is MXk+1‾, where ligand X is an electronegative atom and k is the nominal valence of central 
electropositive atom M. Since the valence of B is 3 and therefore, BH4‾ is a superhalogen. 
The EA or VDE of a typical superhalogen can be further increased by employing 
superhalogen as ligands instead of electronegative atom. For instance AlF4‾ is a superhalogen 
with VDE of 9.79 eV, which can be enhanced to 12.05 eV for Al5F16‾ in which all F atoms 
are replaced with AlF4 moieties [16]. Such superhalogens are termed as hyperhalogens [17]. 
In the same way, one can expect the design of new superhalogen from BH4‾ in which H 
atoms are successively substituted with BH4‾ moieties. In this communication, we present the 
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design of BH4-x(BH4)x‾ (x = 1−4) hyperhalogens using density functional theory. We have 
discussed the hydrogen storage behaviour of their LiBH4-x(BH4)x complexes and derived an 
interesting relation between the dehydrogenation energy of LiBH4-x(BH4)x and VDE of their 
anions.  
2. Computational details 
All lithium complexes [LiBH4-x(BH4)x] and corresponding anions [BH4-x(BH4)x‾] 
considered in this study were fully optimized at ωB97xD method [18] using 6-311+G(d) 
basis set in Gaussian 09 program [19]. The ωB97xD method incorporates long range 
dispersion correction [20], which has recently been used for hydrogen storage on small 
clusters [21].  The geometry optimization was performed without any symmetry constraints 
and followed by frequency calculations to ensure that the optimized structures correspond to 
true minima in the potential energy surface. The vertical detachment energy (VDE) of anions 
has been calculated by difference of total energy of optimized structure of anions and 
corresponding neutral structure: 
VDE = E[BH4-x(BH4)x]single point − E[BH4-x(BH4)x‾]optimized      (x = 0−4)                  ……..(1) 
where E[BH4-x(BH4)x‾]optimized is the total energy of optimized structure of BH4-x(BH4)x‾ and 
E[BH4-x(BH4)x]single point is the single point energy of neutral structure at optimized geometry 
of corresponding anion. The binding energy (Eb) and dehydrogenation energy (ΔE) of LiBH4-
x(BH4)x complexes are calculated by considering their dissociation LiBH4-x(BH4)x→ Li
+
 + 
BH4-x(BH4)x‾ and LiBH4-x(BH4)x → LiH + m B + n H2, respectively.  
Eb = E[Li
+
] + E[BH4-x(BH4)x‾] − E[LiBH4-x(BH4)x]                                              ……….(2) 
ΔE = E[LiH] + m E[B] + n E[H2] − E[LiBH4-x(BH4)x]        (x = 0−4)                   ………(3) 
where E[..] represent total electronic energy of respective species including zero point 
correction. In order to explore the stability of LiBH4-x(BH4)x against dissociation into LiBH4 
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+ x BH3, we have calculated corresponding dissociation energy (De) and enthalpy (ΔH) using 
following equations: 
De = E[LiBH4] + x E[BH3] − E[LiBH4-x(BH4)x] 
ΔH = ΔH[LiBH4] + x ΔH[BH3] − ΔH[LiBH4-x(BH4)x]         (x = 1−4)                   ………..(4) 
where ΔH[..] is thermal enthalpy of respective species calculated at 298.15 K. 
3. Results and discussion 
Any attempt to develop complex hydrides as practical hydrogen storage materials 
requires understanding of their electronic structure and the energetics of their fundamental 
dehydrogenation and rehydrogenation processes. We start our discussion considering LiBH4, 
whose crystal structure was first determined by Harris and Meibohm [22]. The crystal 
structure along with optimized structure of BH4‾ and LiBH4 are displayed in Fig. 1. In crystal 
form, each Li
+
 ion is surrounded by four BH4‾ ions in a tetrahedral configuration such that 
BH4‾ is strongly deformed. This feature is also reflected in the optimized structure of BH4‾ 
and LiBH4. Note that BH4‾ assumes a tetrahedral structure with bond length of 1.243 Å. In 
LiBH4, however, two B−H bond lengths vary significantly from 1.210 Å to 1.264 Å. The 
VDE of BH4‾ is calculated to be 4.50 eV as listed in Table 1. In order to design BH4-x(BH4)x‾ 
hyperhalogen (x = 1−4), we have replaced H atoms in BH4‾ superhalogen by BH4 moieties 
successively. The optimized structures of BH4-x(BH4)x‾ hyperhalogens are shown in Fig. 2. 
The VDEs of these hyperhalogens are larger than that of BH4‾ superhalogen, which increase 
with the increase in peripheral BH4 moieties and reach to as high as 7.28 eV for B5H16‾ in 
which all H atoms are replaced with BH4. Owing to large EA of BH4 as compared to H atom, 
the extra electron is easily delocalized over peripheral BH4. This delocalization increases 
with the increase in BH4 moieties, which results in increase in the VDE of corresponding 
anions. We have also displayed the equilibrium structures of Li-complexes of these 
hyperhalogens in Fig. 2. One can see that Li atom interacts with four, three, two and one H 
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atoms of BH4-x(BH4)x hyperhalogen for x = 1, 2, 3 and 4, respectively. Table 1 lists the 
binding energy (Eb) of Li
+
 and BH4-x(BH4)x‾ ions in LiBH4-x(BH4)x calculated by equation (2). 
One can note that the Eb of LiBH4-x(BH4)x decreases with the increase in the VDE of BH4-
x(BH4)x‾ hyperhalogen anions. This can also be expected due to delocalization of extra 
electron over several BH4 moieties. 
Table 1 also lists hydrogen capacity (in % weight) of LiBH4-x(BH4)x complexes. Note that 
the hydrogen content of LiBH4 18.51 wt% is higher than that of LiAlH4 (10.62 wt%), which 
makes it preferable for hydrogen storage. The hydrogen content of LiBH4-x(BH4)x complexes 
is larger than that of LiBH4, which increases monotonically with the increase in x, i.e., from 
19.81 wt% (x = 1) to 20.91 wt% (x = 4). Therefore, the proposed LiBH4-x(BH4)x complexes 
should be preferable over LiBH4 due to high hydrogen storage capacity. The overall 
dehydrogenation of LiBH4 proceeds as LiBH4 →LiH + B + 3/2 H2 such that LiBH4 liberates 
three of the four hydrogen atoms upon melting at 280 C and decomposes into LiH and boron 
[23]. Analogous to LiBH4, we have considered the dehydrogenation of LiBH4-x(BH4)x into  
LiH + m B + n H2 and calculated the dehydrogenation energy (ΔE) using equation (3). The 
calculated ΔE values of LiBH4-x(BH4)x complexes including LiBH4 are also listed in Table 1. 
For LiBH4-x(BH4)x, this value increases from 14.58 eV for x = 1 to 31.92 eV for x = 4. As 
mentioned earlier, LiBH4-x(BH4)x complexes are stabilized due to charge transfer from Li to 
BH4-x(BH4)x hyperhalogens. The thermodynamic stability of a series of metal borohydrides, 
M(BH4)n (where M is a metal with valence n) has been studied by first principle calculations 
[24]. It has been found that have the heat of formation of M(BH4)n  depends linearly on the 
Pauling electronegativity of M. In case of LiBH4-x(BH4)x complexes, we notice that the ΔE 
varies linearly with the VDE of BH4-x(BH4)x‾. The correlation plot of ΔE and VDE is 
available upon request. The correlation between ΔE and VDE follows a linear equation with 
the correlation coefficient, R
2
 = 0.98 
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ΔE = 8.81 (VDE) −32.85                                                                                        …………(5)          
Although LiBH4-x(BH4)x complexes possess high capacity of hydrogen storage, it is 
important to analyze their kinetic and thermodynamic stability against dissociation into 
LiBH4 and borane (BH3). Table 1 lists the dissociation energy (De) and dissociation enthalpy 
(ΔH) of LiBH4-x(BH4)x complexes calculated by equations (4). One can note that both De and 
ΔH are positive for x = 1−4 and therefore, all complexes are kinetically and 
thermodynamically stable. Furthermore, their stability increases with the increase in the VDE 
of hyperhalogen anions. This may suggest that LiBH4-x(BH4)x can be synthesized using 
LiBH4 and borane at least via gas phase reaction. Recently, the potential of complex hydrides 
for electrochemical energy storage has been experimentally demonstrated [25]. Likewise, the 
complex hydrides reported here may be employed for electrochemical storage as well.  
4. Conclusions 
We have exploited the concept of superhalogen to design hyperhalogens anions, BH4-
x(BH4)x‾ (x = 1−4) and their Li-complexes, LiBH4-x(BH4)x. The interaction between Li and 
BH4-x(BH4)x is similar to that between Li and BH4, i.e., ionic. The binding energy of 
complexes decreases but VDE of these anions increases with the increase in x, the number of 
peripheral BH4 moieties due to delocalization of extra electron over several BH4 moieties. 
The hydrogen storage capacity of LiBH4-x(BH4)x complexes is higher than that of LiBH4, a 
typical complex hydride. The dehydrogenation energy of LiBH4-x(BH4)x complexes is found 
to be linearly related to the VDE of BH4-x(BH4)x‾. We have also demonstrated the 
thermodynamic stability of these complexes against dissociation into LiBH4 and borane.  
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Table 1. The VDE of BH4-x(BH4)x‾ anions, binding energy (Eb), hydrogen content (H), 
dehydrogenation energy (ΔE), dissociation energy (De) and enthalpy (ΔH) of LiBH4-x(BH4)x 
complexes obtained at  at ωB97xD/6-311+G(d) level. 
  BH4-x(BH4)x‾                                                 LiBH4-x(BH4)x 
x       VDE (eV)      Eb (eV)     H (%wt)         Dehydrogenation
a
                   Dissociation
b
  
                                                                     m        n           ΔE (eV)          De (eV)       ΔH (eV)              
0           4.50             6.62          18.51          1        3/2            7.85                -                   -                 
1           5.52             6.34          19.81          2         3            14.58               1.50            1.34 
2           6.25             6.15          20.38          3        9/2          20.78               2.46            2.16 
3           6.64             5.80          20.71          4         6            26.48               2.93            2.54 
4           7.28             5.45          20.91          5        15/2        31.92               3.14            2.65 
a
dehydrogenation path, LiBH4-x(BH4)x → LiH + m B + n H2 
b
dissociation path,  LiBH4-x(BH4)x →LiBH4 + x BH3                           
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Fig. 1. (a) Equilibrium structures of BH4‾ and LiBH4 obtained at ωB97xD/6-311+G(d) level 
with bond lengths (in Å), and (b) crystal structure of LiBH4 taken from ref. [15]. 
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Fig. 2. Equilibrium structures of BH4-x(BH4)x‾  hyperhalogen anions (left) and LiBH4-x(BH4)x 
complexes (right) obtained at ωB97xD/6-311+G(d) level for x = 1−4. Bond lengths (in Å) 
are also given.  
